Abstract A large magnetized plasma sheet with size of 60 cm×60 cm×2 cm was generated by a linear hollow cathode discharge under the confinement of a uniform magnetic field generated by a Helmholtz Coil. The microwave transmission characteristic of the plasma sheet was measured for different incident frequencies, in cases with the electric field polarization of the incident microwave either perpendicular or parallel to the magnetic field. In this measurement, parameters of the plasma sheet were changed by varying the discharge current and magnetic field intensity. In the experiment, upper hybrid resonance phenomena were observed when the electric field polarization of the incident wave was perpendicular to the magnetic field. These resonance phenomena cannot be found in the case of parallel polarization incidence. This result is consistent with theoretical consideration. According to the resonance condition, the electron density values at the resonance points are calculated under various experimental conditions. This kind of resonance phenomena can be used to develop a specific method to diagnose the electron density of this magnetized plasma sheet apparatus. Moreover, it is pointed out that the operating parameters of the large plasma sheet in practical applications should be selected to keep away from the upper hybrid resonance point to prevent signals from polarization distortion.
Introduction
In recent years, the concepts of plasma antenna and plasma stealth have attracted much attention. A large area plasma sheet with high enough density can reflect a microwave signal as a metal plate, which would substitute a metal reflector antenna in some radar system. Therefore a lot of studies on the large plasma sheet have been conducted [1∼5] . We have set up an apparatus of a large plasma sheet for experiments. Electron density distribution of the sheet was tested [6] . The microwave reflection and transmission characteristics were also studied theoretically and experimentally [7∼10] . This apparatus generates a plasma sheet by glow discharge using a linear hollow cathode, which is confined by the uniform magnetic field generated by a Helmholtz Coil. Thus this plasma sheet is magnetized. As is known in plasma physics, for the electromagnetic wave propagating perpendicularly to the magnetic field, the wave mode (dispersion relation) depends on the polarization of the wave. Thereby, the confinement magnetic field could affect the microwave reflection and transmission characteristics of the plasma sheet. The discussions made in Refs. [7 ∼ 10] were all for the case in which the electric field polarization of the incident wave is parallel to the confinement magnetic field. In this case, the wave in the plasma is an ordinary wave (O mode). In this article, however, the opposite case is studied, in which the electric field of incident waves is perpendicularly polarized to the confinement magnetic field. In this case, the wave in the plasma is an extraordinary wave (X mode). These two polarization cases are compared via theory analysis and experiments. As a result, the upper hybrid resonance phenomena can be obviously observed when the incident wave is perpendicularly polarized. According to the resonance condition, the electron density of the resonance point can be figured out. Thereby a specific method is developed to diagnose the electron density of this magnetized plasma sheet apparatus. Moreover, it is pointed out that the operating parameters of a large magnetized plasma sheet in practical application should be selected to keep away from the upper hybrid resonance point to prevent signals from polarization dis-tortion.
Basic principles
The electromagnetic wave in plasma can be expressed as:
where k = k R + ik I is complex wave vector and ω is angular frequency. For simplicity, only the simplest case is considered in which the real part k R and imaginary part k I are parallel. So k = ke k = (k R + ik I ) e k , where e k is the unit vector along the direction of propagation. The complex refraction index can be defined as
where c is speed of light in a vacuum. In a plasma uniformly magnetized by B 0 = B 0 e z , the electromagnetic wave that propagates along e k = e x direction is considered here. As the propagation direction is perpendicular to B 0 , the wave mode depends on the polarization of the wave. There are ordinary waves (O mode) and extraordinary waves (X mode) in plasma physics. In the O mode, there only exists the electric field component E z , which is parallel to B 0 . In the X mode, however, there are two electric field components E y and E x , which are both perpendicular to B 0 .
The dispersion relation of O mode is:
The dispersion relation of X mode is:
where ω pe = n e e 2 m e ε 0 is electron plasma frequency and ω ge = −eB 0 m e is electron gyrofrequency, n e is electron density, e is the absolute value of electric charge, m e is the electron mass and ε 0 is vacuum permittivity. The effect of collision between electrons and neutral particles is considered with ν e denoting the collision frequency [11] :
where n n is the density of neutral particles, σ en is the collision cross section between electrons and neutral particles, k B is the Boltzmann constant and T e is electron temperature.
The relation between wave vector and electron density of O mode and X mode can be calculated from the dispersion Eqs. (2) and (3), as shown in Figs. 1 and 2 . The calculation is conducted at room temperature in helium for pressure of 100 Pa, B 0 =200 Gs and incident microwave frequency of 2500 MHz. Since the electron temperature is low (about eV in magnitude) [9] , it is reasonable to set k B T e =1 eV for approximation in the calculation. The result is shown in Fig. 2 , where there is a distinct peak of k I before it increases continuously with electron density. This is exactly the upper hybrid resonance effect of an extraordinary wave in magnetized plasma [12] . The resonance condition is:
Here ω UH is called upper hybrid frequency. Generally, when a plane electromagnetic wave is normally incident (incident angle = 90 degrees) from medium A (vacuum or transversely magnetized plasma) into medium B (vacuum or transversely magnetized plasma), the transverse electric field components of the incident, reflected and refracted wave near the interface satisfy:
where E t0 is incident wave, E , t0 is refracted wave and E ,, t0 is reflected wave. Here, the complex field intensity reflection rate ρ and the complex field intensity transmission rate τ are defined. Next, an ideal model is considered, as shown in Fig. 3 . A plane electromagnetic wave is normally incident to an infinite magnetized plasma sheet in a vacuum. Here the magnetization B 0 is perpendicular to the incident electromagnetic wave. The wave is reflected and refracted repetitively on the two interfaces. For the symmetry of normal incidence, the real part and imaginary part of the complex wave vector in plasma are parallel. Ultimately, the total reflected wave E ,, 0 and the transmitted wave E , 0 are formed in the vacuum region outside the plasma sheet [12] :
here ∆ ∆ = exp i kD , D is the thickness of the sheet. Thus the total power reflection rate
and the total power transmission rate
Therefore the power absorption rate
The power reflection rate, transmission rate and absorption rate are calculated, as shown in Figs. 4, 5 and 6. The subscript stands for parallel polarization, and ⊥ stands for perpendicular polarization. The calculation is conducted at room temperature in helium for pressure of 100 Pa, B 0 =220 Gs, sheet thickness D=2 cm and incident microwave frequency of 2500 MHz. From Figs. 4, 5 and 6 , the differences between the two polarization cases can easily be seen. The upper hybrid resonance effect in the perpendicular polarization case is shown distinctly. In Figs. 4, 5 and 6, the dashed vertical line is the marker of the resonance point which satisfies Eq. (5). The curves far from the resonance point are about the same, but quite different near the resonance point. The high peak of A ⊥ in Fig. 6 implies an intensive absorption effect of magnetized plasma with the extraordinary wave at the resonance point. More detailed calculation can also indicate that the differences between the two polarization cases in Figs. 4, 5 and 6 would become larger under stronger B 0 . As the measurement of transmission rate is more convenient, illustrative and simpler than the measurement of reflection rate, only the transmission rate was measured in the present experiment hereinafter. This is enough to explain the problem to a certain extent. 
Apparatus and results
It is possible to approximate the infinite magnetized plasma sheet with a finite large magnetized plasma sheet generated in the laboratory. The experimental apparatus is shown in Fig. 7 .
Fig.7 Schematic illustration of the experimental apparatus
The plasma sheet generator apparatus is the same as described in Refs. [6 ∼ 10] . This device produced a large magnetized plasma sheet with size of 60 cm×60 cm×2 cm by a linear hollow cathode discharge. The plasma was confined by the uniform magnetic field generated by a Helmholtz Coil. The discharge device used a pulsed high voltage power supply which outputs high-voltage square wave signals. In the experiment, the high-voltage pulse was set at frequency of 100 Hz with duration of 100 µs. The voltage drop on the current limiting resistor was detected by a voltage differential probe, and shown by an oscillograph. In this way the pulsed discharge current was measured. The microwave generator was a variable frequency generator. The output frequency could be changed from 2 GHz to 20 GHz at 1 MHz step. The output power could reach 10 dBm. The transmitting antenna was a pyramidal horn, which radiates a linearly polarized microwave. The receiving antenna was of the same model. The transmitting and receiving horn antennas were placed coaxially on both sides of the plasma sheet. The incident angle was set to 90 degrees. The coaxial wave detector transformed the signal from the receiving horn into voltage amplitude, which was subsequently shown by the oscillograph. The polarization of the waves was changed by rotating the two horn antennas simultaneously around their axial line. In the experiment, the microwave transmission characteristic of the plasma sheet was measured for different incident frequencies, in both the cases of perpendicular polarization incidence and parallel polarization incidence. The parameters of the plasma sheet were changed by varying the discharge current (i.e. the electron density, i.e. ω pe ) and Helmholtz Coil current (i.e. the magnetic field strength, i.e. ω ge ).
The experiment was conducted for frequencies of 2250 MHz and 2550 MHz, respectively. The results are shown in Figs. 8 and 9 . The note in legend of the figures stands for parallel polarization, and ⊥ stands for perpendicular polarization.
The experiment was conducted at room temperature in helium with pressure 100 Pa. For the case of perpendicular polarization incidence, measurements were taken with the Helmholtz Coil's current of 17 A (B 0 =220 Gs), 15 A (B 0 =194 Gs) and 13 A (B 0 =168 Gs). 
Discussion
From Figs. 8 and 9 , it can be seen that the experimental curve is consistent with the theoretical analysis shown in Fig. 4 . The only difference is that the horizontal axes are not the same. In Figs. 8 and 9 , the horizontal axis is discharge current, whereas in Fig. 4 the horizontal axis is electron density. As it is known that the electron density increases with the discharge current under the same Helmholtz Coil's current (i.e. the same magnetic confinement), each curve in Figs. 8 and 9 can be considered as a somehow horizontally stretched curve from Fig. 4 . It can be seen that the upper hybrid resonance phenomena are observed in the case of perpendicular polarization incidence, whereas these resonance phenomena cannot be found in the case of parallel polarization incidence. Figs. 8 and 9 also show that the resonance phenomenon becomes more significant under stronger magnetic confinement. This is consistent with theoretical consideration. According to Eq. (5), when the incident frequency increases, ω 2 pe (i.e. n e ) and discharge current of the resonance point should be higher under the same magnetic confinement (i.e. the same ω 2 ge ). This can be found very easily by comparing Fig. 8 and Fig. 9 .
For the six resonance points in the case of perpendicular polarization shown in Figs. 8 and 9 , the electron density thereof can be calculated from Eq. (5), as listed in Table 1 . Ref. [6] shows that the plasma sheet generated by this apparatus is flat and smooth, and the electron density distribution is uniform when the confinement magnetic intensity is higher than 100 Gs. Thus it is reasonable to consider the electron density values in Table 1 as the average electron density of the plasma sheet and these calculated values are consistent with the probe diagnostic results given in Ref. [6] . Hence, the upper hybrid resonance can be used to develop a specific method to diagnose the electron density of this magnetized plasma sheet apparatus: keep the incident microwave perpendicularly polarized. Take some discrete microwave frequency values with small intervals in a spectrum. Then change the discharge current to find out the resonance point at each frequency value and calculate the electron density values thereof. In this way, a series of points of electron density − current can be obtained. These data can be used to fit an electron density − current curve. Fig. 10 is a simple example. Henceforth, for some given discharge current, the corresponding electron density can be quickly figured out. Implementation of this method is relatively simple and easy without changing the internal structure or disrupting the vacuum environment of the apparatus. From the foregoing theoretical and experimental study, it can be seen that a large magnetized plasma sheet can affect the microwave reflection and transmission characteristics due to the anisotropy. Hence, if this kind of large magnetized plasma sheet apparatus is used in some radar system, it cannot work near the upper hybrid resonance point. The operating parameters (discharge current, magnetic confinement etc.) of the large plasma sheet should be selected to keep away from the upper hybrid resonance point so as to prevent signals from polarization distortion.
Conclusion
Under the confinement of a magnetic field generated by a Helmholtz Coil, a large magnetized plasma sheet with size of 60 cm×60 cm×2 cm was generated by a linear hollow cathode discharge. The microwave transmission characteristic of the plasma sheet was measured for different incident frequencies, in both the cases of perpendicular polarization incidence and parallel polarization incidence. The upper hybrid resonance phenomena were observed in the case of perpendicular polarization incidence. This is consistent with theoretical consideration. According to the resonance condition, the electron density at the resonance points is calculated for various experimental conditions. Upper hybrid resonance can be used to develop a specific diagnostic method for the electron density of this magnetized plasma sheet apparatus. Moreover, it is pointed out that the operating parameters of the large plasma sheet in practical application should be selected to keep away from the upper hybrid resonance point to prevent signals from polarization distortion.
